Colon cancer is a devastating illness that is associated with gut inflammation. Here, we explored the possible role of lipin-1, a phosphatidic acid phosphatase, in the development of colitis-associated tumorigenesis. Azoxymethane and dextran sodium sulfate-treated (DSS-treated) animals deficient in lipin-1 harbored fewer tumors and carcinomas than WT animals due to decreased cellular proliferation, lower expression of antiapoptotic and protumorigenic factors, and a reduced infiltration of macrophages in colon tumors. They also displayed increased resistance to DSS-induced colitis by producing less proinflammatory cytokines and experiencing less immune infiltration. Lipin-1-deficient macrophages from the colon were less activated and displayed lower phosphatidic acid phosphatase activity than WT macrophages isolated from DSS-treated animals. Transference of WT macrophages into lipin-1-deficient animals was sufficient to increase colitis burden. Furthermore, treatment of lipin-1-deficient mice with IL-23 exacerbated colon inflammation. Analysis of human databases from colon cancer and ulcerative colitis patients showed that lipin-1 expression is increased in those disorders and correlates with the expression of the proinflammatory markers CXCL1 and CXCL2. And finally, clinically, LPIN1 expression had prognostic value in inflammatory and stem-cell subtypes of colon cancers. Collectively, these data demonstrate that lipin-1 is a critical regulator of intestinal inflammation and inflammation-driven colon cancer development.
Introduction
Colorectal cancer is nowadays the third most prominent form of cancer and the second cause of death in developed countries. The lack of therapies that can efficiently control the disease urges the exploration of novel avenues to find promising targets for new drugs. It is well established that chronic gut inflammation is a foundation for tumor initiation and progression (1) . Patients with inflammatory bowel diseases, especially ulcerative colitis (UC), are at higher risk for colon cancer, and the use of antiinflammatory drugs reduces its incidence (2, 3) . During the development of inflammation-associated cancers, the interaction between the epithelial cells that harbor mutations in proto-oncogenes or tumor-suppressor genes, and the microenvironment enriched in proinflammatory mediators, benefit tumor growth (4) . Mediators such as IL-23 activate mitogenic pathways that trigger the expansion of premalignant clones (5) . Also, stimulation of the IL-23 receptor in innate and adaptive immune cells induces the production of IL-17 that, either directly or via induction of other inflammatory cytokines and chemokines, contributes to the generation of a tumor microenvironment in which tumor suppressive cells are repressed (6, 7) . In this scenario, the recruitment of innate immune cells by chemokines such as CXCL1 or CXCL2 further contributes to exacerbating the protumorigenic environment (8) . From these data it is clear that a better knowledge of the pathways implicated in the expression of proinflammatory genes in intestinal immune cells could help to design new strategies to restrain inflammation-associated malignancies.
Colon cancer is a devastating illness that is associated with gut inflammation. Here, we explored the possible role of lipin-1, a phosphatidic acid phosphatase, in the development of colitisassociated tumorigenesis. Azoxymethane and dextran sodium sulfate-treated (DSS-treated) animals deficient in lipin-1 harbored fewer tumors and carcinomas than WT animals due to decreased cellular proliferation, lower expression of antiapoptotic and protumorigenic factors, and a reduced infiltration of macrophages in colon tumors. They also displayed increased resistance to DSS-induced colitis by producing less proinflammatory cytokines and experiencing less immune infiltration. Lipin-1-deficient macrophages from the colon were less activated and displayed lower phosphatidic acid phosphatase activity than WT macrophages isolated from DSS-treated animals. Transference of WT macrophages into lipin-1-deficient animals was sufficient to increase colitis burden. Furthermore, treatment of lipin-1-deficient mice with IL-23 exacerbated colon inflammation. Analysis of human databases from colon cancer and ulcerative colitis patients showed that lipin-1 expression is increased in those disorders and correlates with the expression of the proinflammatory markers CXCL1 and CXCL2. And finally, clinically, LPIN1 expression had prognostic value in inflammatory and stem-cell subtypes of colon cancers. Collectively, these data demonstrate that lipin-1 is a critical regulator of intestinal inflammation and inflammation-driven colon cancer development.
Lipids are well established as key modulators of immune responses. Many of them function as bioactive extracellular and intracellular molecules that bind to membrane receptors or change the localization or activation of signaling proteins during immune cell activation (9, 10) . Interestingly, de novo synthesis of lipids has also been described as an important event during the differentiation and activation of innate immune cells such as macrophages (11) . While much effort has been devoted to demonstrating that lipid mediators like COX-2-derived prostaglandin E 2 are important for tumor growth and development in the colon (12, 13) , other lipids and their related enzymes, and more specifically, enzymes that drive de novo lipid synthesis, have received less attention in the context of gut inflammation and tumorigenesis.
During the last few years, our laboratory has been involved in delineating the role that a family of enzymes of the de novo lipid biosynthesis pathway, the lipins, has in proinflammatory responses (14) (15) (16) (17) . Lipins possess phosphatidic acid (PA) phosphohydrolase activity that produces diacylglycerol (DAG). Hence, they supply substrates for lipid synthesis, but also act to regulate the intracellular concentration of 2 key lipids during proinflammatory signaling, PA and DAG (16, 18, 19) . Thus far, 3 different genes, LPIN1, LPIN2, and LPIN3, have been described that encode for lipin proteins with different patterns of expression and function. The human and mouse gastrointestinal tract is the preferred tissue for the expression of LPIN3, while LPIN1 and LPIN2 are more highly expressed in other tissues (20) . In an immune cell context, we have observed that the protein encoded by LPIN1, lipin-1, is primarily expressed in macrophages, where it influences TLR4-mediated events (16) . Animals deficient in lipin-1 are protected from damage in models of systemic inflammation, by experiencing a reduced production of poised proinflammatory molecules (16) . Interestingly, expression of IL-23 seems to be one of the proinflammatory factors most affected by lipin-1 during TLR4 activation of murine and human macrophages (16) .
Based on these previous findings, we have investigated in this work the possible role of lipin-1 in the development of colitis and colitis-associated tumorigenesis. Our data suggest that in the gut, lipin-1 may act to amplify inflammation, thereby supporting tumor progression and cancer development.
Results
Lipin-1 deficiency attenuates inflammation-promoted tumorigenesis and carcinogenesis in a murine colitis-associated cancer model. To investigate the role of lipin-1 in colorectal tumorigenesis we used the well-known azoxymethane/dextran sodium sulfate (AOM/DSS) murine model, where tumor progression is driven by colitis (21) . The carcinogenic progress in this model recapitulates the steps that take place during colitis-associated cancer in humans, from inflammation to dysplasia and then carcinogenesis (22) . We observed that lipin-1-deficient animals lost significantly less weight than WT animals during treatments ( Figure 1A) . Examination of the colons at the end of the protocol revealed a very significant decrease in the number of tumors per animal, and in the percentage of animals harboring tumors in lipin-1-deficient animals ( Figure 1, B-D) . The decrease in the number of tumors affected both medial and distal colons ( Figure 1, E and F) . Also, the majority of tumors from WT animals had a size of 2 to 3 mm (45%), whereas the majority of tumors from lipin-1-deficient animals were less than 2 mm (75%) (Figure 1, D , F, and G). A detailed histological examination of tumor sections showed that, while in WT animals 46% of the tumors were carcinomas, in lipin-1-deficient animals just 4% of them were carcinomas ( Figure 2A) . Importantly, while 75% of carcinomas were invasive in WT animals, we found no invasive carcinomas in lipin-1-deficient animals ( Figure 2 , A and B, and Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.97506DS1). In agreement with these data, the average number of mitoses in carcinomas from WT animals was nearly double that found in lipin-1-deficient animals ( Figure 2C ). Also, the proliferation marker Ki67 was more highly expressed in crypts from WT animals than from lipin-1-deficient animals ( Figure 2D ). Evaluation of the presence of the antiapoptotic protein Bcl-2 showed enhanced expression in tumors and in nontumoral tissue from WT animals compared with lipin-1-deficient ones, suggesting a reduced resistance to apoptosis in the phosphatase-deficient colons ( Figure 2E ).
Analysis of mRNA levels for 3 well-known inflammatory protumorigenic factors, Il11, Il6, and Nos2, showed a relevant lower expression in tumors and adjacent areas from lipin-1-deficient mice compared with WT ones ( Figure 2F and Supplemental Figure 1 ; protein data for IL-6 are shown in Supplemental Figure 2 ) (23). The same behavior was also found for Cxcl1 and Cxcl2, chemokines that are involved in the attraction of immune cells, angiogenesis, and dysplasia-carcinoma transition events in colorectal cancer ( Figure 2F ; protein data for CXCL1 are shown in Supplemental Figure 2 ) (8, 24) . In agreement with all of these data, phosphorylation of STAT3, a mediator of epithelial proliferation that is activated by different cytokines, was increased in WT tissues from tumor-harboring mice relative to lipin-1-deficient ones (Figure 2 , G and H) (25) . These data suggest that lipin-1 positively influences tumor formation, growth, and progression in the large intestine.
Lipin-1 deficiency reduces macrophage infiltration in colon tumors. We next investigated the expression levels of lipin-1 in colon and colon tumors. In healthy murine colon tissues the expression of the phosphatase is not observable compared with the levels present in adipose tissue ( Figure 3A ). In tumors generated by AOM/DSS treatment, we observed that epithelial cells did not increase their lipin-1 content compared with normal epithelial cells, and also that the latter do not show appreciable phosphatase levels compared with a positive control such as hepatic cells ( Figure 3B ). In fact, WT and lipin-1-deficient tumors with similar levels of dysplasia were alike regarding lipin-1 expression in the epithelial compartment ( Figure 3E ). However, we detected lipin-1 expression in some stromal cells of the tumor, distinct from T or B lymphocytes ( Figure 3, B and D) . Because macrophages are a very important part of the stromal population that help in the growth and progression of tumors (1), we isolated tumor macrophages to study the expression of lipin-1 by immunoblot. As shown in Figure 3C , tumor macrophages express lipin-1 while, again, epithelial cells of the tumor do not.
Next, we evaluated the degree of immune infiltration in the tumors, and we found that the infiltration of F4/80 + cells (macrophages) was lower in animals deficient in lipin-1. The infiltration of other immune cells like T cells did not change in the absence of the phosphatase (Figure 3, F and G) . Furthermore, we observed that in the tumors generated in lipin-1-deficient animals there were fewer IL-6-producing macrophage-like cells than in tumors generated in WT animals, suggesting that these cells are less activated in the absence of lipin-1 (Supplemental Figure 2) .
Overall, these studies suggest that in the colon, lipin-1 expression is restricted to the stromal compartment, with macrophages being part of this lipin-1-expressing population, and that tumors from animals Lipin-1-deficient animals are protected against DSS-induced colitis. To further define the role of lipin-1 in inflammation-driven tumorigenesis, a model of UC induced by oral DSS was evaluated. DSS causes disruption of the epithelial colonic layer, which is followed by translocation of luminal bacteria to the mucosa and an acute inflammatory response marked by a massive infiltration of the mucosa with neutrophils and macrophages (26) . Clinical symptoms of the disease are diarrhea, rectal bleeding, and weight loss that correlate with the pathological changes in the colon (27) . Treatment of mice with 3% DSS promoted a severe weight loss in WT animals, but it affected lipin-1-deficient animals more modestly ( Figure 4A ). Disease activity index (DAI), which determines stool consistency and presence of blood in the stools, also revealed that lipin-1-deficient animals had a less severe disease than WT ones ( Figure 4B) . A detailed histological analysis consistent with the gross findings showed that colonic injury was more aggressive and widespread in WT DSS-treated than in lipin-1-deficient DSS-treated mice (Figure 4 , C-E). While the latter exhibited small, superficial, broad-based mucosal ulcers and moderate architectural distortion and/or destruction of glands, the former exhibited huge, superficial, broad-based mucosal ulcers and severe crypt damage with more than 75% of crypts and surface epithelium lost. Taking into account all of these features, the total histology score was much higher in WT animals than in lipin-1-deficient ones ( Figure 4E ). Furthermore, a hallmark of proinflammatory signaling activation, phosphorylation of ERK1/2 (also known as p44/42 MAPK), was markedly reduced in colons deficient in lipin-1 ( Figure 4F ).
Because development of DSS-induced colitis occurs along with an exacerbated production of proinflammatory factors (26, 27) , inflammatory gene expression was examined in DSS-treated animals. Compared with WT colons, tissues from lipin-1-deficient animals showed lower expression of the genes Il6, Il23a, Nos2, Cox2, Tnf, Il1b, Cxcl1 , and Il10, and their protein products ( Figure 5 , A and E, and Supplemental Figure 3 ), which are typically upregulated during inflammatory reactions by innate immune cells. Colons from lipin-1-deficient animals were also found to exhibit lower levels of the Th17 cell activation products Il17a and Il17f, and also of the Th1-associated molecule Ifng, all of which are known to be pathogenic in inflamed colon (Figure 5 , B and D) (28) . Interestingly, we observed an increased expression of the Treg cell marker Foxp3 and the associated cytokine Tgfb in colons where lipin-1 was absent, a population of CD4 + cells that helps maintain intestinal homeostasis ( Figure 5C ) (28, 29) . These experiments suggest that lipin-1 impacts on proinflammatory activation during the development of DSS-induced colitis by increasing pathogenic innate and adaptive responses and restraining protective ones.
Histological evaluation of inflammatory cell infiltration into the colon revealed that WT animals experienced a higher immune infiltration than that of lipin-1-deficient ones during DSS treatment ( Figure 5F ). Closer analysis by flow cytometry showed that DSS-treated colons from lipin-1-deficient mice had significantly reduced accumulation of cells expressing the leukocyte marker CD45 (Figure 5G ), the lymphocyte markers CD3 and CD4 ( Figure 5H) , and the myeloid cell markers CD11b and F4/80 ( Figure 5I ). There were no differences in the accumulation of cells expressing CD45R, CD8, Gr1, or CD11c (Supplemental Figure 4) . These data indicate that lipin-1 plays a role in immune infiltration during the development of colitis, allowing an increased lymphocytic and myeloid infiltration.
Expression of lipin-1 in macrophages is sufficient to increase the severity of colitis in lipin-1-deficient animals. Since innate immunity plays a key role in DSS-induced colitis (26, 27) , and lipin-1 affected both the amount of F4/80 + cells present in inflamed colons ( Figure 5I ) and the proinflammatory activation of macrophages (16), we investigated next whether lipin-1 expression in macrophages is intrinsically involved in the development of colitis. To test this hypothesis we first isolated macrophages from the colons of DSStreated animals and analyzed the production of several cytokines that are involved in the development of colitis. We found that IL-1β, TNF-α, and IL-6 were all produced in lesser amounts by lipin-1-deficient colonic macrophages ( Figure 6A ). We also found that lipin-1-deficient macrophages displayed lower PA phosphohydrolase 1 (PAP-1) activity than WT ones ( Figure 6B ), a result that could explain the effects observed in cytokine production (16) .
Secondly, we used adoptive transfer techniques (30, 31) . Transference of lipin-1-deficient macrophages into WT animals reduced disease severity, weight loss, and histology score during DSS treatment of animals, albeit the effect did not reach statistical significance ( Figure 6, C-F) . However, transference of WT macrophages into lipin-1-deficient mice promoted significant increases in weight loss, disease activity, and histology score that approached the levels observed for WT animals ( Figure 6, C-F) . This is consistent with the idea that WT macrophages possess an increased potential to produce damaging proinflammatory factors compared with macrophages deficient in lipin-1. Of note, during the transference of macrophages the animals still have their own macrophages, which explains why WT animals that received lipin-1-deficient macrophages still develop severe colitis.
Overall, these results suggest that selective expression of lipin-1 in macrophages is sufficient to augment colitis severity.
Lipin-1 does not have an intrinsic role in T lymphocytes. Next, we investigated whether lipin-1 could also have an intrinsic role in the biology of T lymphocytes that could partially explain the observed phenotype during colitis development in lipin-1-deficient animals. To this end, we studied the possible role of lipin-1 during T cell activation and proliferation by the classical engagement of the T cell receptor-associated complex CD3 and the costimulating receptor CD28. We observed that T cells deficient or not in lipin-1 responded equally well by expressing similar levels of the inducible cell surface glycoprotein CD69, acquired during lymphoid activation (Supplemental Figure 5, A and B) . Further, after 6 days of activation, T cells expressing lipin-1 display the same proliferation levels as cells that do not express lipin-1 (Supplemental Figure 5, C and D) .
Altogether, these data suggest that lipin-1 has no role in T cell activation and proliferation, which is in accordance with the low levels of lipin-1 found in these cells compared with other immune cells such as macrophages (16) . These data make it unlikely that T cell lipin-1 participates in the development of colitis.
Reduced Treg-dependent cytokines), as well as Il23 mRNA levels, were affected by lipin-1 expression ( Figure  5 , B and C), we assessed whether just restoring IL-23 levels could increase colitis severity in lipin-1-deficient animals. To this end, recombinant IL-23 was administered daily to animals with or without DSS treatment. Exogenous IL-23 caused no mucosal damage to non-DSS-treated mice ( Figure 7A and Supplemental Figure 6A ). Of note, treatment with IL-23 in combination with DSS induced a higher level of transmural colonic damage, larger mucosal ulcers, and greater inflammatory cell infiltration than those in lipin-1-deficient mice treated with DSS only (Figure 7, A-D) . Furthermore, administration of IL-23 to DSS-treated lipin-1-deficient mice increased the levels of mRNA for Il17a as well as other injury markers such as Tnf, Il1b, and the chemokines Cxcl1 and Ccl2 ( Figure 7E ). These effects Macrophages isolated from DSS-treated WT and lipin-1-deficient (fld) mouse colons were used for quantification of the indicated cytokines by specific ELISAs (n = 3) (A), or for quantification of PAP-1 activity, as indicated in the Methods (n = 4-6) (B). Data represent the mean ± SEM. (C-F) WT and fld animals were subjected to macrophage transference during the treatment with DSS, as mentioned in the Methods. Weight change (C), DAI score (D), total histology score (E), and images of H&E-stained colon sections (F) 8 days after DSS treatment initiation are shown (n = 4-5 animals/group). In E, data represent the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001 by Student's t test (A and B) or 1-way ANOVA with Tukey's post hoc test (C-E). In F, original magnification was ×10.
were not found in IL-23-treated WT animals (Supplemental Figure 6) . Moreover, administration of IL-23 during AOM/DSS treatment increased tumor loading in lipin-1-deficient animals ( Figure 7F ). These results suggest that the decreased production of IL-23 in lipin-1-deficient animals is, at least in part, responsible for the lower level of colonic damage encountered during DSS treatment, and also for tumor development.
Lipin-1 expression increases in human colon cancers and UC, and is a marker of poor prognosis in inflammatory colon cancers. Next, we investigated whether our findings could be relevant to the pathogenesis of human colon cancer and UC. First, we analyzed LPIN1 expression in relevant microarray data sets that are publicly available. In 3 independent clinical data sets we found that LPIN1 expression levels were increased in adenocarcinomas when compared with corresponding paired adjacent mucosa, or compared with colon mucosa from healthy subjects (Figure 8 , A and C, and Supplemental Figure 7 , A and C) (32) (33) (34) . We next investigated the correlation between the expression of LPIN1 and several proinflammatory or chemokine genes. Interestingly, LPIN1 expression correlates with CXCL1 and CXCL2, with P less than 1 × 10 -16 in some databases ( Figure 8 , B and C), and also strongly correlates with IL6, PTGHS2/COX2, NOS2, and IL23A in other databases (Supplemental Figure 7 , B and D). We performed a meta-analysis of relapse-free survival in 10 data sets comprising 1,251 patients (GSE38832, GSE17538, GSE37892, GSE41258, GSE39582, GSE14333, GSE33114, GSE12945, GSE31595, and GSE29621). We did not observe any relevant correlation between LPIN1 expression level and relapse-free survival using all the tumors ( Figure 8D ). However, if tumors were discriminated according to their cellular phenotype (247 tumors) (35), we found that high LPIN1 expression in inflammatory tumors significantly correlated with shorter relapse-free survival compared with low-LPIN1-expressing tumors ( Figure 8D ). A similar behavior was also found for stem cell-like phenotype tumors ( Figure 8D ). We also interrogated databases from patients with UC. In 2 independent data sets we found increased expression of LPIN1 in mucosa samples from UC patients compared with healthy subject samples (Supplemental Figure 8 , A and C) (36, 37) . Also, a significant positive correlation was found between the expression of LPIN1 and the proinflammatory genes IL6 and NOS2 in those samples (Supplemental Figure 8, B and D) .
Overall, these clinical results support the experimentally described role for LPIN1 in colonic inflammation during tumor development and further indicate that it may function to favor cancer progression in an inflammatory context. 
Discussion
Inflammation, although necessary for damage repair and the battle against infections, can greatly impact proliferation, resistance to apoptosis, and cellular transformation to promote neoplasia. In fact, chronic inflammation is now recognized as an enabling characteristic of cancer. In the present study we have revealed how a lipid-related enzyme, lipin-1, modulates gut inflammation, and constitutes a pivotal player in the initiation and development of tumorigenesis and carcinogenesis in an inflammatory context ( Figure  9 ). Also, our results show that the expression level of LPIN1 has a prognostic value in human inflammatory and stem-like types of colon cancers.
A striking finding of our study is the observation that lipin-1 influences dysplasia-carcinoma transition events in mice. The effect may be due to the involvement of lipin-1 in the expression of CXCL1 and CXCL2. These chemotactic factors are not only important for attracting immune cells, but are also related to angiogenesis and dysplasia-carcinoma transition processes in colon cancers (8, 24, 38, 39) . Interestingly, one of the factors that regulates CXCL1/2 levels in tumors seems to be PGE 2 (8, 14) , a proinflammatory lipid generated from COX-2, the expression of which is also regulated by lipin-1 during DSS-induced colitis. It is known that during tumor development CXCL1/2 may recruit CXCR2-expressing myeloid-derived suppressor cells that have the capacity to inhibit CD8 + T cell cytotoxic activity against tumor cells, promoting in this way tumor growth and progression (8) . Supporting our initial idea, we have also found a significant positive correlation between LPIN1 and CXCL1/2 expression in human carcinomas.
Lipin-1 expression in tumors likely participates in the production of chemotactic factors CXCL1 and CXCL2 and, as a consequence, in the infiltration of myeloid cells (F4/80 + , macrophages). Macrophages are components of the stromal compartment, where lipin-1 levels are the highest within the tumor. Since we have not found increased lipin-1 expression in colon tumoral epithelial cells versus normal epithelial cells, the aforementioned observation would explain the increased expression of LPIN1 in human colorectal carcinomas that is reported in databases. Lipin-1 participates in the production of proinflammatory factors that help define the level of inflammation in the gut subsequent to an insult. IL-23 production is regulated by lipin-1. This cytokine participates in the production of IL-17, and enhances the generation of chemokines that increase immune infiltration and help to increase gut damage. As a result, animals that express lipin-1 develop severe colitis when exposed to insult. If colitis is maintained over time, tumors and carcinomas develop in the colon. During tumorigenesis, lipin-1 determines the levels of cytokines such as IL-11 or IL-6 that affect tumor epithelial cell proliferation, and also chemotactic factors like CXCL1 or CXCL2 that aid in immune cell infiltration into the tumor. In fact, lipin-1 expression in human colon cancers correlates with the expression on these 2 chemotactic factors, and has a prognostic value for these patients. The level of expression of lipin-1 in colon macrophages seems to be key in all of these processes.
In other types of human cancers such as prostate cancer or triple-negative breast cancer, increased lipin-1 expression levels have also been found relative to nontumoral tissues or to other types of cancer (40, 41) . In fact, in triple-negative breast cancer there exists a positive correlation between LPIN1 expression in the tumor and poor prognosis for the patients, similar to what we have found in patients with colon cancer (40) . However, in contrast to the colitis-associated cancer model that we have used, where tumor initiation and progression is mainly due to leukocyte infiltration and proinflammatory mediators (42) , the initiation and progression of prostate cancer or triple-negative breast cancer are not strongly based on inflammatory events. In these cancers the role of lipin-1 seems to be relevant within the epithelial tumoral compartment regulating death/survival processes (40, 41) . Although we cannot rule out that in human colon cancer lipin-1 also has a role in the maintenance of tumoral epithelial cells, our data support the idea that lipin-1 plays a role in the stromal/immune compartment during the development of colitis-associated cancers. Further experimentation would be needed to elucidate whether lipin-1 expression in immune cells also plays a role in prostate and triple-negative breast cancers.
One of the important findings in the present study is that LPIN1 expression has a prognostic value for relapse-free survival in inflammatory and stem cell-like types of human colon cancers. The observation in human inflammatory colon cancers is supported by our experimental data in colitis and colitis-associated tumors in mice. However, the effect on a stem cell-like type of cancer was more unexpected, but clearly supports the idea that the more LPIN1 expression is present in the tissue, the higher the inflammation and hence, the higher the probability for tumor cells generated from stem or stem-like cells to thrive. In such a scenario, LPIN1 expression would serve for stratification of inflammatory and stem cell-like colorectal cancer patients, those with higher LPIN1 expression being the ones that would probably benefit the most from therapies to control inflammation.
During the development of colitis, lipin-1 determines the level of proinflammatory factors with high potential to influence the severity of the disease, including IL-23 (28, 43) . Among other effects, IL-23 is known to support the expansion and maintenance of pathogenic Th17 cells and restrain Treg populations that help to maintain intestinal homeostasis (28, 43) . The effect of IL-23 on Th17 and Treg responses depends on the presence of other important factors such as IL-6 and TGF-β (43). TGF-β favors Th17 cell development in the presence of IL-6, while in the absence of IL-6, Treg cell expansion is favored (28, 43) . Lipin-1 aids in the expression levels of both IL-23 and IL-6, while it inhibits the expression of TGF-β. Thus, lipin-1, by regulating the TGF-β/IL-6 balance towards IL-6 in the presence of IL-23 seems to favor IL-17 pathogenic responses over Treg ones. These considerations are further supported by the results obtained from lipin-1-deficient animals treated with exogenous IL-23 during DSS-induced colitis, where IL-23 enhances IL-17 expression levels and increases disease severity. IL-23 has already been used in clinical trials as a target for inflammatory bowel diseases or colon cancer, although no definitive results are yet available. It is clear that targeting this cytokine could have the advantage of neutralizing pathogenic IL-17, but not protective IL-17 responses that are IL-23 independent in the gut (44) . Based on our findings in human UC sample databases, we propose that stratification of UC patients by LPIN1 expression could be a sound approach to improve the success of therapies against IL-23.
Other proinflammatory factors such as Nos2/iNOS and Cox2/COX-2, whose expression depends on lipin-1, are also important for the development of colitis (45, 46) . In fact, combined treatment with inhibitors for iNOS and COX-2 has maximal protective effect on chemically induced colitis models, supporting the idea that they might have some potential in the treatment of inflammatory bowel diseases (47) . Lipin-1 could also exert its damaging effect via upregulation of these 2 enzymes. Furthermore, we have previously shown that, in human macrophages, decreased expression of lipin-1 blunts the activation of group IVA cytosolic phospholipase A 2 (14) , the major enzyme regulating arachidonic acid mobilization from phospholipids for utilization by COX-2 (48). Thus, lipin-1 may regulate COX-2 activity by acting at 2 different levels, by controlling both the expression of the enzyme and the availability of substrate in inflammatory responses.
We demonstrate that lipin-1 greatly contributes to total cellular PA phosphatase activity of colon macrophages, indicating that the enzymatic activity of the protein is important for the production of proinflammatory cytokines by these cells and, as a consequence, in colitis development. Interestingly, lipins also display a transcriptional coactivator activity that has been well demonstrated in the liver (49) . We cannot rule out at this time that the transcriptional coactivator activity of lipin-1 plays a role in colitis and colon cancer, but there are several considerations that point to the idea that this might not be the case. For example, the PPAR transcription factors, downstream effectors of nuclear lipin-1 activity, have been shown to protect from colitis by repressing NF-κB, thereby reducing inflammation in murine models (50) . Lipin-1, acting as a transcriptional coactivator, upregulates genes that are related to fatty acid oxidation and mitochondrial oxidative phosphorylation (49) . These metabolic changes drive a macrophage antiinflammatory state (51) . However, we show in this study and also in previous work (16) that, during colitis development, the greater the expression of lipin-1 by macrophages, the higher their proinflammatory state. Regarding colon tumorigenesis, PPARγ inhibits polyp development in the colon in a AOM/DSS model (52) , but the role of other members of the PPAR family is less clear, and contradictory information exists (53) . In vitro studies have shown that the nuclear function of lipin-1 does not restore the viability of a lipin-1-deficient triple-negative breast cancer cell line (40) . Taking into account that some lipin-1 roles may be cell specific (49) , future investigation should shed light on the possible nuclear function of lipin-1 during inflammatory/ tumorigenic processes in the gut.
It has been shown that some therapies against cytokines that are key in the development of colon cancer, such as IL-6 (54) or TNF (55) , have failed to produce clinical responses in recent trials. Taking this idea into account, it could be considered that inhibitors or treatments against molecules with the capacity to modulate multiple inflammatory pathogenic factors would have a higher probability of success in the battle against cancer. We have shown in this study that one of those molecules is lipin-1. Possible benefits that a therapy against lipin-1 could have include (a) inhibition of the production of CXCL1, CXCL2, IL-6, iNOS, and the potent tumorigenic factor IL-11, resulting in decreased immune infiltration and STAT3 activation; (b) reduction of dysplasia-carcinoma transition events; and (c) reduction of the levels of the antiapoptotic protein Bcl-2. Also, and based on our results from DSS-induced colitis, it could be expected that a therapy against lipin-1, by restricting the expression of cytokines like IL-23, could result in beneficial effects as well for patients suffering from inflammatory bowel diseases.
Methods

Animals. BALB/cByJ-Lpin1
fld /J mice were purchased from The Jackson Laboratory and bred in the Service of Animal Research and Welfare of the University of Valladolid, as previously described (16) . Most of the experiments were conducted with 12-week-old female animals.
Colitis induction. Acute experimental colitis was induced by adding 3% (w/v) DSS, 36-50 kDa (MP Biomedicals, Inc.) to drinking water. Fresh DSS solution was prepared daily. Six days after initiation of treatment, animals were just kept on regular drinking water for 2 additional days. Control groups received regular drinking water during the whole experiment. Body weight and DAI were evaluated daily as an indirect measure of colitis severity. DAI was evaluated as the combined scores of weight loss, stool consistency, and fecal blood (27) . At day 3 or 8 after induction of colitis, mice were sacrificed under ketamine and xylazine (100 mg/kg and 10 mg/kg, respectively) and cervical dislocation. The abdominal cavity was exposed and colons were removed, washed with PBS, and cut into pieces for further molecular analysis or fixed for histological examination.
Colitis-associated tumor induction. Tumor induction was assessed as previously described with minor modifications (21) . Briefly, 12-week-old mice were i.p. injected with 7.5 mg/kg AOM (Sigma-Aldrich), and 5 days later they were treated with 3% DSS in drinking water for 5 days, followed by 15 days of regular drinking water. DSS treatment was repeated twice (total of 3 cycles). One month after the last DSS cycle (80 days from the initiation of the protocol) mice were sacrificed and polyps were counted and measured with a digital caliper. Individual polyps were excised and processed for mRNA extraction or fixed in 10% buffered formalin for histological examination. To study the effect of IL-23 administration in the generation of tumors, animals were i.p. injected with 400 ng recombinant IL-23 (Biolegend) every other day during the 5 days of treatment with DSS, for 3 cycles. The rest of the protocol for tumor induction was as described above.
Histological assessment of colonic damage. Colon specimens from both DSS and AOM/DSS experiments were excised near the ileocecal junction, washed in saline serum, fixed in 10% buffered formalin, embedded in paraffin, cut (3-to 4-μm-thick sections) and stained with H&E. Histological images were captured using a wide-field DM2000 microscope equipped with a DFC295 color camera (Leica) at ×10 magnification. Colitis scores were assigned based on the depth of injury (score 0-3); regenerative and metaplastic changes in glandular epithelium -nuclear enlargement, increased mitotic activity, appearance of occasional Paneth's cells and/or marked decrease in cytoplasmic mucin (score 1-4); architectural distortion/irregular shape and/or destruction of glands (score 0-4); superficial broad-based mucosal ulcers (score 0-3); and inflammatory infiltration (score 0-3) (56). The sum of the average values obtained for each scoring was multiplied
